The biogenesis of the photosynthetic thylakoid membranes inside plant chloroplasts requires enzymes at the plastid envelope and the endoplasmic reticulum (ER). Extensive lipid trafficking is required for thylakoid lipid biosynthesis. Here the trigalactosyldiacylglycerol2 (tgd2) mutant of Arabidopsis is described. To the extent tested, tgd2 showed a complex lipid phenotype identical to the previously described tgd1 mutant. The aberrant accumulation of oligogalactolipids and triacylglycerols and the reduction of molecular species of galactolipids derived from the ER are consistent with a disruption of the import of ER-derived lipids into the plastid. The TGD1 protein is a permease-like component of an ABC transporter located in the chloroplast inner envelope membrane. The TGD2 gene encodes a phosphatidic acid-binding protein with a predicted mycobacterial cell entry domain. It is tethered to the inner chloroplast envelope membrane facing the outer envelope membrane. Presumed bacterial orthologs of TGD1 and TGD2 in Gram-negative bacteria are typically organized in transcriptional units, suggesting their involvement in a common biological process. Expression of the tgd2-1 mutant cDNA caused a dominantnegative effect replicating the tgd2 mutant phenotype. This result is interpreted as the interference of the mutant protein with its native protein complex. It is proposed that TGD2 represents the substrate-binding or regulatory component of a phosphatidic acid͞lipid transport complex in the chloroplast inner envelope membrane.
A s plant leaves expand the demand on the lipid biosynthetic machinery is high because leaf cells contain one of the most extensive membrane systems found in nature, the photosynthetic thylakoid membrane of chloroplasts. The most abundant thylakoid lipids include nonphosphorous galactolipids. Galactolipid biosynthesis involves the formation of phosphatidic acid (PA) in the plastid and at the endoplasmic reticulum (ER) in many plants (1, 2) , including Arabidopsis. Fatty acids derived from de novo synthesis in the plastid are assembled into PA in the plastid or at the ER. In Arabidopsis, diacylglycerols derived from the plastid pathway or the ER pathway are present in galactolipids in approximately equal proportion (3) . The Arabidopsis lipid galactosyltransferases MGD1 and DGD1, which successively galactosylate diacylglycerol, are associated with the inner and the outer chloroplast envelope membranes, respectively (4) . The topology of the galactolipid biosynthetic machinery and the involvement of the ER pathway require extensive subcellular lipid trafficking, most of which is mechanistically not understood.
To date, two mutants of Arabidopsis have been described that affect lipid trafficking from the ER to the plastid. The act1(ats1) mutant is deficient in the plastidic glycerol 3-phopshate acyltransferase, and most of the galactolipids in this mutant are derived from the ER pathway (5) . In contrast, galactolipids in the tgd1 mutant are primarily derived from the plastid pathway (6) . This mutant shows a complex lipid phenotype, the accumulation of oligogalactolipids giving rise to its name, trigalactosyldiacylglycerol1, the accumulation of triacylglycerols in the leaves, a 5-fold increase in PA content, and an increase of 16-carbon fatty acids in the galactolipids, indicative of a change in molecular species toward those formed de novo in the plastid (6, 7) . Pulse-chase labeling of leaves also was consistent with a disruption of the transfer of lipid molecular species from the ER to the plastid in the tgd1 mutant (6) . Isolated tgd1 chloroplasts showed a decreased rate of conversion of labeled PA into galactolipids (7) . The TGD1 protein resembles the permease component of bacterial ABC transporters and was shown to be an integral component of the inner chloroplast envelope membrane (7) . Based on this wealth of data it was proposed that TGD1 is a component of a PA transporter in the inner chloroplast envelope and that it is crucial for the biosynthesis of ER-derived molecular species of galactolipids. Stronger alleles of tgd1 led to increased embryo arrest and seed abortion, suggesting that the affected biological process is essential. Here the trigalactosyldiacylglycerol2 (tgd2) mutant of Arabidopsis, the identification of the TGD2 gene, and the characterization of the TGD2 protein are described.
Results
Isolation of the tgd2-1 Mutant. The tgd2-1 mutant was identified during a suppressor screen in the dgd1 mutant background using a chemically induced mutant population (6) . The dgd1 mutant is deficient in DGD1 responsible for the bulk of digalactolipid biosynthesis (8) . Presence of the tgd2-1 mutation in the dgd1 background partially alleviated the digalactolipid deficiency and caused the accumulation of a lipid cochromatographing with trigalactosyldiacylglycerol diagnostic for all tgd mutants. Crossing the double-homozygous dgd1͞tgd1-1 and dgd1͞tgd2 mutants gave rise to uniform plants in the F 1 generation with a homozygous dgd1-like phenotype, suggesting that tgd1-1 and tgd2-1 are not allelic. The tgd2-1͞dgd1 homozygous double mutant was crossed to Arabidopsis wild-type, ecotype Columbia-2 (Col-2). The F 1 plants showed a wild-type lipid phenotype confirming that the tgd2-1 mutant allele is recessive. After selfing and lipid analysis, F 2 plants homozygous at the tgd2-1 locus were genotyped at the DGD1 locus by using a derived cut amplified polymorphic sequence (dCAPS) marker (6) to test for loss of the dgd1 mutation. A homozygous tgd2-1 mutant line was back-crossed with wild type (Col-2) three times to reduce the chance of secondary mutations. Unless indicated otherwise, further analysis was done with this tgd2-1 mutant in the wild-type background.
The Phenotypes of tgd2-1 and tgd1-1 Are Nearly Identical. Compared to the wild type, tgd2-1 plants were consistently smaller and slightly pale, as was observed for the tgd1-1 mutants (7). Chlorophyll contents were reduced to a similar extent in the tgd1-1 and tgd2-1 mutants [chlorophyll (Chl) per gram of fresh weight (FW) Ϯ SD, n ϭ 4: wild type, 1,136 Ϯ 138 g Chl ⅐g
. Leaf lipid extracts of the wild type and the tgd1-1 and tgd2-1 mutants were compared by TLC. In the tgd2-1 sample a lipid staining positive for sugar and cochromatographing with authentic trigalactolipid of tgd1-1 (6) is present (Fig. 1A) . A lipid cochromatographing with authentic triacylglycerol accumulating in tgd1-1 leaves was present in the tgd2-1 sample as well (Fig. 1B) . Quantitative analysis of the polar lipids indicated similar changes in the two mutants with relative amounts of the monogalactolipid and digalactolipid reduced and relative amounts of phosphatidylcholine increased (Fig. 1C) . In addition, trigalactolipid was present to a similar extent in both mutants (tgd1-1, 2.7 Ϯ 1.4 mol%; tgd2-1, 1.6 Ϯ 0.4 mol%; n ϭ 4; data are Ϯ SD) but was not detectable in the wild type. Analyzing the fatty acid composition of the two galactolipids indicated a reduction of 18-carbon fatty acids and an increase in 16-carbon fatty acids (Fig. 1D) to the same extent in both mutants. These overall fatty acid compositions for the tgd2-1 mutant imply a change in molecular species distribution in the two galactolipids consistent with a reduction of molecular species derived from the ER pathway as determined in detail for the tgd1-1 mutant (6). In addition, similar to the tgd1-1 mutant carrying a weak chemically induced mutant allele, the tgd2-1 mutant produced a fraction (Ϸ43%, 281 of 651 in a representative sample) of aborted seeds.
The TGD2 Gene Is Identical with Arabidopsis Gene At3g20320. In a mapping population of 93 homozygous tgd2-1 F 2 mutant plants (186 chromosomes) from a cross between the homozygous tgd2-1 mutant in the dgd1(Col-2) background and a plant from the ecotype Landsberg erecta the tgd2-1 mutant locus was mapped close to cut amplified polymorphic sequence (CAPS) marker ARLIM15.1 (www.arabidopsis.org) at Ϸ30 cM on chromosome 3 (Fig. 2) . In an enlarged F 2 mapping population from the same cross (3,506 chromosomes) the tgd2-1 mutant locus was mapped to an Ϸ45-kb fragment flanked by CAPS marker MQC12-3 and dCAPS marker MQC12-4 ( Fig. 2 A) . This region falls onto the Arabidopsis bacterial artificial chromosome clone MQC12 (GenBank accession no. AB024036) and encompasses 14 predicted or confirmed genes (At3g20270-At3g20390). Notably, the translation product of At3g20320 was similar to the ttg2C protein (GenBank accession no. AAD17959; 25.0% identity over Ͼ100 aa) of Pseudomonas putida. This protein is predicted to be the substrate-binding protein of an ABC transporter, and its ORF is flanked by one encoding the ABC transporter permease ttg2B (GenBank accession no. AAD17958). Most notably, the Arabidopsis TGD1 protein is similar to ttg2B (29.6% identity over Ͼ100 aa) of P. putida. The predicted bacterial ABC transporter encoded by the ttg2 operon in P. putida has been genetically implicated in toluene resistance (9) . The At3g20320 cDNA sequence obtained by RT-PCR from the Arabidopsis tgd2-1 mutant contained a G-to-A mutation ( Fig. 2 A) corresponding to position 7,088,870 of the assembled chromosome 3 sequence (GenBank accession no. NC003074) and leading to a glycineto-arginine change in the amino acid sequence. This mutation was confirmed by designing a tgd2-1 allele-specific dCAPS marker that was later used for genotyping (Fig. 2D ).
The TGD2 Protein Contains a Mycobacterial Cell Entry (MCE) Domain.
The TGD2 ORF of 1,146 bp ( Fig. 2 A, bottom) encodes a protein of 41.6 kDa. In addition to the similarity to bacterial substrate binding proteins, the TGD2 protein contains a MCE domain (amino acids 99-216). This domain is found in surface proteins of pathogenic mycobacteria. These proteins are essential virulence factors proposed to facilitate the bacterial entry into mammalian host cells (10) . The mutation in tgd2-1 affects amino acid 234 just outside this MCE domain. A transmembranespanning domain (TMD) in TGD2 (amino acids 96-118) was predicted by using SOSUI software (11) . A chloroplast targeting peptide of 45 N-terminal amino acids was predicted (score 0.545) by using CHLOROP with default settings (12) .
Expression of the TGD2 cDNA Reverses the tgd2-1 Mutant Phenotype.
The tgd2-1 mutation in the dgd1 mutant background led to increased growth compared with the homozygous dgd1 mutant ( Fig. 2B ). This phenotype was reversed by expression of the wild-type TGD2 cDNA under the control of the 35S-CMV (cauliflower mosaic virus) promoter in the tgd2-1͞dgd1 homozygous double mutant (Fig. 2B) . The genotypes were confirmed by using mutant allele-specific dCAPS markers ( Fig. 2 C and D) . In the sample from the transgenic lines, two bands were present for the wild-type cDNA and the tgd2-1 genomic mutant locus, respectively (Fig. 2D) . Reversion of the digalactolipid and the trigalactolipid phenotype of the tgd2-1͞dgd1 double mutant to the homozygous dgd1 phenotype was observed as well (Fig. 1E ). This complementation analysis confirmed the identity of the TGD2 gene as At3g20320.
Expression of the tgd2-1 cDNA in the Wild Type Recapitulates the tgd2-1 Phenotype. The similarity of tgd1-1 and tgd2-1 mutant phenotypes and the organization of predicted bacterial orthologs of these two Arabidopsis genes in operons suggested that TGD1 and TGD2 act together in the same cellular process possibly as part of a larger lipid transfer complex. Expression of the tgd2-1 mutant cDNA under the control of the 35S-CMV promoter in the wild type led to the accumulation of a lipid cochromatographing with the trigalactolipid accumulating in the tgd1-1 and tgd2-1 mutants (Fig. 3B) . Semiquantitative RT-PCR confirmed that this effect was not due to cosuppression of the genomic wild-type TGD2 gene and the tgd2-1 cDNA expression construct, because RNA derived from both genes was abundant in the transgenic lines (Fig. 3A) . One interpretation of this dominantnegative effect is that the tgd2-1-encoded mutant protein is impaired in its activity but can still become part of its native protein complex, thereby disrupting overall function of the process involving the complex. In addition, this result provided independent corroboration for the identity of TGD2 with At3g20320.
The TGD2 Protein Is Localized in the Inner Chloroplast Membrane. To determine the subcellular localization of the TGD2 protein, a construct encoding a full-length C-terminal fusion between the TGD2 protein and a GFP was transiently expressed in tobacco leaves. This TGD2-GFP fusion was visible in discrete spots at the periphery of chloroplasts (Fig. 4A) . It should be noted that the equivalent experiment for the TGD1-GFP fusion construct showed a similar punctate fluorescence pattern at the chloroplast surface (7) .
To further explore the association of the TGD2 protein with one of the two chloroplast envelope membranes and to determine its topology, chloroplasts were isolated from tobacco leaves expressing a wild-type TGD2 cDNA or the tgd2-1 mutant cDNA (Fig. 4B) . The TGD2 wild type and the tgd2-1 mutant proteins were detected with a polyclonal antibody against TGD2. The chloroplasts were either untreated or treated with thermolysin, a protease unable to penetrate the outer envelope membrane, or trypsin, a protease able to penetrate the outer envelope but not the inner envelope membrane. Interestingly, the wild-type TGD2 protein was resistant to both proteases, whereas the mutant protein tgd2-1 was resistant to thermolysin but not trypsin (Fig. 4B Top and Middle) . When the full-length wild-type TGD2 protein C-terminally fused to GFP was tested, the GFP tag detected by a GFP-specific antibody was resistant to thermolysin but not to trypsin (Fig. 4B Bottom) . With the exception of the TGD2 wild-type protein, the result suggests that the TGD2 protein is associated with the inner envelope membrane with the C terminus facing the intermembrane space. The wild-type TGD2 is trypsin-resistant either because it is inside the plastid or, more likely, because it is in a complex or a membrane domain inaccessible to trypsin.
The TGD2 Protein Specifically Binds PA. Because the TGD2 protein resembles substrate binding proteins of bacterial ABC transporters, and because the tgd2-1 phenotype was consistent with a defect in lipid transfer into the chloroplast, the TGD2 protein was tested for the specific binding of different lipids. To distinguish lipid binding to the TMD from lipid binding to a possible substrate site in the C-terminal domain, an N-terminally truncated version, TGD2-dTMD-His, was produced in Escherichia coli lacking the TMD. This protein was soluble. A C-terminal His tag was used for purification and detection of TGD2-dTMD-His by an anti-His tag antibody. A commercial membrane with different phospholipids and membranes with plant-specific lipids were used. Of all of the lipids tested, including diacylglycerol (data not shown), only PA bound to TGD2-dTMD-His (Fig. 5A) . By employing an independent approach, the TGD2-dTMD-His protein bound phosphatidylcholine liposomes containing different molecular species of PA (Fig. 5B) . Liposomes consisting of phosphatidylcholine alone did not bind. Binding was independent of the molecular species of PA at least at the semiquantitative immunoblot level. The results suggested that TGD2 contains a PA-specific binding domain in the C-terminal part of the protein.
Discussion
Protein import into chloroplasts requires the interaction of protein complexes spanning the inner and outer chloroplast envelope membranes (13, 14) . Currently, our knowledge about the protein import machinery dwarfs our mechanistic insights into lipid import into the plastid. Like protein import, the import of ER-derived lipids during chloroplast biogenesis is extensive and presumably requires transporters mediating the transfer of lipids between and through the involved membranes. The recently described TGD1 protein (6, 7) and the TGD2 protein discussed here have the hallmarks of components of a lipid transporter of the inner chloroplast envelope membrane. Although the analysis of the tgd1-1 mutant to date is far more extensive, it is apparent that the tgd2-1 mutation causes identical biochemical and physiological phenotypes: the accumulation of oligogalactolipids and triacylglycerols, the increase of 16-carbon fatty acids in plastid lipids indicative of reduced presence of The wild-type TGD2 protein, the tgd2-1 mutant protein, and the GFP fusion were transiently produced in tobacco leaves, and isolated chloroplasts were analyzed. The TGD2 and tgd2-1 proteins were detected by using a TGD2-specific antibody. The GFP fusion was detected by using a GFP-specific antibody. Samples were untreated with protease (Ϫ) or treated with thermolysin (ϩ, Th) or with trypsin (ϩ, Tr). Immunoblots are shown. ER-derived molecular species, and the increase in growth in the dgd1 background. We have not yet found a difference in phenotypes in the two tgd mutants, suggesting that the products of the two genes are involved in the same biological process, thylakoid lipid biosynthesis from ER-derived precursors.
The molecular analysis supports this interpretation. The TGD1 and TGD2 proteins are localized in the inner chloroplast envelope membrane, and expression of GFP fusions for both cause punctate fluorescence patterns in the periphery of plastids (7) (Fig. 4A) . Moreover, the Arabidopsis TGD1 and TGD2 proteins are similar to the permease and substrate-binding protein of bacterial ABC transporters, respectively. The corresponding bacterial orthologs are found in clusters, which is a strong indicator for the function of the gene products in the same pathway or process and a key parameter used in metabolic reconstruction from bacterial genome sequences (15) . Although unambiguous evidence for the direct interaction of TGD1 and TGD2 is not yet available, two findings suggest that TGD2 is active in a complex in Arabidopsis: (i) ectopic expression of the tgd2-1 mutant cDNA gives rise to the mutant phenotype, i.e., a dominant-negative mutation (Fig. 3) ; and (ii) the wild-type TGD2 protein is protected in isolated chloroplasts against trypsin whereas the TGD2 fusion protein is not (Fig. 4B) . Both results can be interpreted as the association of the TGD2 protein with other proteins and͞or specific lipid domains inaccessible to the protease.
The extensive investigation of the tgd1-1 mutant indicating the accumulation of PA and the reduced incorporation of PA into glycolipids of isolated plastids led to the suggestion that the TGD1 protein is a component of a PA transporter (7) . Consistent with the proposed interaction of TGD1 and TGD2 in a PA-transporting complex, the recombinant TGD2 protein lacking the membrane-spanning domain was found to specifically bind PA (Fig. 5 ). An alternative interpretation would be that TGD2 binds PA as an effector molecule modulating the activity of TGD1. More intriguing, TGD2 could remove a PA molecule from the outer envelope membrane and make it available to TGD1 for import into the plastid and conversion by the plastidic PA phosphatase. Because TGD2 appears to be tethered with its membrane-spanning domain to the inner envelope membrane, the PA binding domain might reach out to the inside of the outer envelope membrane either locally fusing the two membranes or extracting an ER-derived PA. Although to date there is no direct evidence for this hypothesis, one intriguing observation in support is derived from mycobacterial orthologs of TGD2 required for cell entry of the bacterium (10) . Recombinant bacterial orthologs can mediate the uptake of latex beads into mammalian cells, a process requiring an interaction of the protein on the bacterial surface with the mammalian cell membrane. The MCE domains present in the MCE proteins or bacterial substrate binding proteins associated with ABC transporters have been delineated based on sequence. The finding that TGD2 specifically binds PA, possibly through its MCE domain, might also shed light on the function of these important bacterial proteins and their interaction with membrane lipids.
Materials and Methods
Plant Material. Arabidopsis thaliana plants were of the ecotypes Columbia-2 (Col-2) or Landsberg erecta (Ler). The tgd1-1 and dgd1 mutants were previously isolated by us (6, 16) . Standard growth conditions were used for surface-sterilized seeds on agar-solidified MS (17) medium supplemented with 1% (wt͞vol) sucrose or for plants grown on soil as previously described (18) .
Lipid Analysis. Lipids were extracted, and fatty acid methylesters were prepared and quantified by gas chromatography as previously described (6) . Polar lipids were analyzed on activated ammonium sulfate-impregnated silica gel TLC plates (Si250PA; Mallinckrodt, Baker, NJ) by using a solvent system of acetone͞ toluene͞water (90͞30͞7, vol͞vol). Neutral lipids were separated on untreated TLC plates and developed with petroleum ether͞ ether͞acetic acid (70͞30͞1, vol͞vol). Lipids were visualized by brief exposure to iodine vapor or staining with ␣-naphthol to detect glycolipids (19) .
verse, 5Ј-GTCGACTAGTAGCCTGCTTAGGGATTTG-3Ј. The fragment was inserted into the pGEM-T Easy vector, sequenced and digested with SalI, and inserted into pCAMBIAmcsGFP (7) . In vivo analysis of the GFP-tagged protein was done by confocal fluorescence microscopy (7) .
In vivo chloroplast import analysis using transient expression of the constructs in tobacco leaves was carried out exactly as described in ref. 7 . For immunodetection of the TGD2 or tgd2-1 proteins, a polyclonal antibody was raised in rabbits (Cocalico Biologicals, Reamstown, PA) against the truncated TGD2 protein used also for the lipid binding assay. The anti-serum was purified with a Melon Gel IgG Purification Kit (Pierce). For TGD2 immunodetection, the purified anti-TGD2 antibody was used at a 1:2,000 dilution. For GFP immunodetection, a rabbit anti-GFP antibody (Molecular Probes) was used at a 1:3,000 dilution. The antibodies were detected with an anti-rabbit horseradish peroxidase-coupled antibody (Bio-Rad) at a dilution of 1:60,000 followed by development with Chemiluminescent Peroxidase Substrate (Sigma).
Recombinant TGD2 Protein Production and Purification. The sequence encoding N-terminally truncated TGD2-dTMD protein (from Gly-119 to stop codon) lacking the targeting peptide and the TMD was PCR-amplified by using primers 5Ј-GTCGACG-GTTTTCAAATGCGGTCGAAG-3Ј and 5Ј-GTCGACTCAT-AGTAGCCTGCTTAGGG-3Ј. This fragment was inserted into pPICT2 plasmid (23) and sequenced. After digestion with SalI, the insert was ligated into pQE31 (Qiagen). An overnight preculture of LB medium (1 ml) was used to start a 500-ml culture in M9 medium as described (24) . The protein was induced with 0.1 mM isopropyl-␤-D-thiogalactopyranoside at an OD 600 of 0.4 at 22°C, and growth was continued overnight. Cultures were cooled to 4°C, washed twice, and resuspended in lysis buffer (50 mM Tris⅐HCl, pH 7.5͞600 mM NaCl͞20 mM imidazole). The suspensions were lysed by sonication followed by brief centrifugation at 1,500 ϫ g to eliminate cell debris. The supernatants were centrifuged at 20,000 ϫ g and applied to a Ni-NTA agarose column (Qiagen). The His-tagged protein was eluted with lysis buffer containing 250 mM imidazole. Samples were dialyzed in the lysis buffer lacking imidazole. Protein concentration was determined according to Bradford (25) by using BSA as a standard.
Lipid Binding Assays. Membrane strips prespotted with lipids were purchased from Echelon Biosciences (Salt Lake City, UT). Prokaryotic phosphatidylcholine and PA were purchased from Avanti Polar Lipids. Prokaryotic monogalactolipid, digalactolipid, sulfolipid, and phosphatidylglycerol were purified from Synechocystis PCC6803 by TLC of lipid extracts (see Lipid Analysis). Eukaryotic monogalactolipid and digalactolipid was isolated from pea leaves. Approximately 5 g of lipids were spotted onto a Hybond-C membrane (Amersham Pharmacia Biosciences). The membranes were first blocked with 3% BSA in TBST (10 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞0.1% Tween 20) for 1 h and incubated in 0.5 g͞ml TGD2 protein solution in the blocking buffer at 4°C overnight. The blots were washed five times with TBST and soaked in 3% BSA in TBST with a Penta-His mouse monoclonal antibody (Qiagen) at a 1:1,000 dilution at room temperature overnight. The membranes were washed twice with TBST and soaked in 3% BSA in TBST with alkaline phosphatase-conjugated anti-mouse antibody (Jackson ImmunoResearch) at a 1:5,000 dilution for 1 h at room temperature. After washing with TBST twice, the protein was detected by using the Immun-Star AP detection system (Bio-Rad).
The liposome binding assay was performed according to ref. 26 . Lipids (phosphatidylcholine or a mixture of phosphatidylcholine and PA at 6:4 wt͞wt) were incubated in TBS (50 mM Tris⅐HCl, pH 7͞0.1 M NaCl) at 37°C for 1 h followed by vigorous vortexing for 5 min. The liposomes were precipitated at 20,000 ϫ g and washed twice with ice-cold TBS. Liposomes (200 g) were mixed with purified TGD2 protein lacking the TMD (10 g͞ml) and TBS to make 100 l of solution. The mixture was incubated at 30°C for 30 min and washed twice with ice-cold TBS by centrifugation at 20,000 ϫ g at 4°C. The liposome pellet mixed with sample buffer was analyzed by SDS͞PAGE (27) . Immunodetection of the His-tagged protein was accomplished by using the above-mentioned Penta-His antibody at 1:6,000 and the anti-mouse antibody at 1:10,000 dilution. The BCIP͞NBT Kit from Bio-Rad was used for color detection.
